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In Brief Arey et al. have found that activating the G aq signaling pathway in sensory neurons enhances memory in young animals, utilizing the canonical CREB pathway. This pathway also slows age-related memory loss and reverses age-related memory impairment.
INTRODUCTION
Although life expectancy is increasing (Lenart and Vaupel, 2017) , therapies to treat age-related memory decline are lacking, creating a growing public health threat. Cognitive function decreases in mid-life and worsens with age (Park et al., 2002) . These deficits are caused by subtle changes in the plasticity of circuits that regulate learning and memory (Arey and Murphy, 2017; Burke and Barnes, 2006) , which may provide insight into critical mechanisms involved in memory formation and targets for the prevention of age-related cognitive decline. Recent studies have identified interventions that have memory-promoting effects in aged rodents. For example, young blood parabiosis improves hippocampus-dependent learning and memory in aged mice (Villeda et al., 2014) . Aged mice receiving chronic, systemic administration of low-dose tetrahydrocannabinol (THC) also display better spatial learning and long-term memory than vehicle-treated controls (Bilkei-Gorzo et al., 2017) . Improved memory performance with both of these treatments is accompanied by molecular and cellular changes, including increased dendritic spine density, elevated expression of plasticity-related genes, and increased cAMP response element binding protein (CREB) transcriptional activity (Bilkei-Gorzo et al., 2017; Villeda et al., 2014) . Interestingly, these treatments selectively improve memory in aged mammals and either have no effect (Villeda et al., 2014) or can impair memory (Bilkei-Gorzo et al., 2017) in young animals. Ideally, potential therapeutic agents would have benefits in both younger and aged individuals because cognitive performance in humans begins to decline relatively early in their lifespan (Park et al., 2002) .
Like mammals, C. elegans can form associative memories, requiring conserved molecular machinery to learn and remember Shen et al., 2014; Stein and Murphy, 2014; Vukojevic et al., 2012) . Furthermore, associative learning and memory deficits are the earliest features of neuronal aging in C. elegans, preceding age-related changes in neuronal morphology, motility, chemotaxis, and other behaviors (Arey and Murphy, 2017; Kauffman et al., 2010) . The processes that regulate memory performance with age in C. elegans appear to also be highly conserved. CREB levels and activity correlate with long-term associative memory (LTAM) performance with age , similar to what has been observed in mammals (Kudo et al., 2005) . Maintenance of presynaptic vesicle transport and release is also important for learning and memory in both young and aged animals (Kaletsky et al., 2016; Li et al., 2016) . Components of this pathway are necessary for the extended short-term associative memory (STAM) of long-lived C. elegans daf-2 insulin receptor mutants and important for their enhanced learning with age (Kaletsky et al., 2016; Kauffman et al., 2010; Li et al., 2016) , and increased synaptic density and plasticity coincide with the beneficial effects of THC and young blood parabiosis (Bilkei-Gorzo et al., 2017; Villeda et al., 2014) . Thus, conserved molecules that enhance synaptic function and regulate CREB activity may present new targets for the treatment of cognitive decline. The G aq signaling pathway is one of the main positive regulators of presynaptic transmission in C. elegans. The C. elegans G aq homolog EGL-30 (Brundage et al., 1996) promotes both neurotransmission (Lackner et al., 1999; Miller et al., 1999) and neuropeptide secretion (Ch'ng et al., 2008) via DAG-Rho signaling ( Figure 1A ). G aq signaling has been implicated in a number of C. elegans processes, including locomotion, egg laying, adaptation, and learned salt avoidance (Adachi et al., 2010; Brundage et al., 1996; Matsuki et al., 2006) , as well as working memory in mammals (Frederick et al., 2012) , but the role of G aq in longterm memory in C. elegans and higher organisms is untested.
Here we report that activation of G aq signaling, which increases presynaptic transmission, lowers the threshold for memory consolidation in young animals so that a long-term memory, which usually requires 7 conditioned stimulus-unconditioned stimulus (CS-US) pairings, is formed after only a single CS-US pairing. A single sensory neuron pair, the AWC, is the site of G aq signaling that is both necessary and sufficient for enhanced consolidation, and AWC-specific activation of G aq signaling slows age-related decline in memory performance. Furthermore, increasing activity of the G aq signaling pathway in the AWC of aged animals that already exhibit cognitive impairment restores the ability to form long-term memories. This improved memory performance is due to non-cell-autonomous G aq signaling regulation of CREB activity in the AIM via neuropeptide signaling, which increases the transcription of a previously identified set of CREB/LTAM training-dependent genes . Moreover, activation of G aq signaling specifically in the AWC enhances memory without the lifespan decrease caused by G aq activation in the whole body. Activation of this conserved G aq signaling pathway is a new mechanism to improve memory performance in young and aged animals and may present a target for the development of future therapies that treat age-related cognitive decline.
RESULTS

EGL-30 Gain-of-Function Mutants Exhibit Enhanced Memory Consolidation
We hypothesized that the G aq signaling pathway ( Figure 1A ), which regulates synaptic transmission and olfactory adaptation, another associative behavioral paradigm (Matsuki et al., 2006) , might play a role in associative learning and memory. We subjected G aq signaling component mutants to positive olfactory associative training for both short-term (1 CS-US pairing) and long-term memory (7 CS-US pairings) . Hypomorphic egl-30/G aq mutants display a mild defect in learning ( Figure S1A ) after 1 CS-US pairing and are unable to form short-term memory ( Figures 1A and S1B ). Genetic ablation of other components of G aq signaling, including egl-8/PLCb ( Figures 1A and S1D) , unc-73/Trio guanine nucleotide exchange factor (GEF) ( Figures 1A and S1F) , and pkc-1/ protein kinase C ε (PKCε) ( Figures 1A and S1H) , and G i/o /goa-1 ( Figures 1A and S1J ), resulted in defective learning after 1 CS-US pairing. G aq signaling is also necessary for forming associations after long-term memory training because all mutants tested in the pathway showed defective learning after 7 CS-US pairings ( Figures 1A, S1C , S1E, S1G, and S1I), obscuring any effects the proteins may have on long-term memory .
Because G aq signaling is essential for normal associative learning and memory, we reasoned that increasing the activity of this pathway may enhance memory performance and improve memory function with age. To test this hypothesis, we subjected animals with a gain-of-function (js126) mutation in egl-30 to positive olfactory associative memory training . egl-30(js126) mutants have a single G-to-A transition that results in methionine rather than valine incorporation at amino acid 180 (V180M) in the GTPase domain (Hawasli et al., 2004) , altering EGL-30's endogenous GTPase activity (Hawasli et al., 2004) . Remarkably, egl-30(js126) mutants exposed to a single pairing of the neutral odorant butanone (CS) with food (US), which normally results in short-term memory that decays over the course of 2 hr (Figures 1B and S1K; Kauffman et al., 2010) , exhibited a more than 10-fold memory extension, lasting more than 24 hr, following a single CS-US pairing (Figures 1B and S1K) .
EGL-30 Gain-of-Function Mutants Increase Memory Duration via Increased CREB Activity egl-30(js126)'s dramatic extension of memory duration resembled LTAM, which usually requires spaced training of at least 7 Figure 1 . Activation of G aq Enhances Consolidation and Prevents Age-Related Decline in Memory Performance via Increased CREB Activity (A) Diagram of the G aq pathway. Animals bearing hypomorphic mutations in components of this signaling pathway are defective for normal associative learning and memory (indicated by asterisks): red asterisks, defect in learning after 1 CS-US pairing; blue asterisks, defect in short-term memory; purple asterisks, defect in learning after 7 CS-US pairings. For performance indices, see Figure S1 . (B) Day 1 adult animals with a gain-of-function (js126) mutation in egl-30 exhibit extended memory ($24-30 hr) following 1 CS-US pairing compared with the memory of wild-type animals ($2 hr). Mean ± SEM. n R 9-12 per time point. #p < 0.0001 compared with wild-type animals at same time point (data not shown). (C) egl-30(js126) animals lacking functional CREB (egl-30(js126);crh-1(tz2)) do not display extended memory, indicating that the extended memory is LTAM (CREB-dependent). Mean ± SEM. n R 24-26 per genotype. ****p < 0.0001. (D) CREB activity is elevated in AIM/SIA of naive egl-30(js126);pCRE::GFP animals, whereas GFP is undetectable in naive wild-type pCRE::GFP animals. CREB activity is increased immediately following LTAM (73) training in wild-type animals, whereas there is no observable increase in CREB activity following training (A and B) Rescue of CREB in the SIA fails to restore memory formation to egl-30(js126);crh-1(tz2) animals (A), whereas CREB rescue in the AIM restores memory performance to a level comparable with egl-30(js126) animals (B). Mean ± SEM. n R 11-12 per genotype. ****p < 0.0001, not significant (n.s.), p > 0.05. (C) Expression of previously identified ''CREB/LTAM-dependent genes'' , which are upregulated in wild-type animals following LTAM training in a CREB-dependent manner (center) but remain unchanged following LTAM training in crh-1(tz2) mutants ( CS-US pairings and the activity of the transcription factor CREB/crh-1. CREB is a conserved regulator of LTAM in a number of organisms, including C. elegans Silva et al., 1998) Figure 1C ), indicating that CREB-dependent LTAM is formed after one CS-US pairing. How might consolidation, which usually requires multiple rounds of spaced training, occur after a single CS-US pairing when G aq activity is elevated? Consolidation can be enhanced by increasing CREB levels or by indirectly stimulating CREB activity in C. elegans, Drosophila, and mammals (Josselyn et al., 2001; Kauffman et al., 2010; Sekeres et al., 2012; Yin et al., 1995) . Using a pCRE::GFP transgenic reporter of CREB activity , we found that naïve (untrained) egl-30(js126);pCRE::GFP animals exhibited GFP fluorescence in AIM and SIA interneurons (Figures 1D and S1E), a pattern resembling wild-type pCRE::GFP worms after 7 CS-US pairings (73 trained, Figure 1D ; . Therefore, egl-30(js126) animals display CREB activation under conditions (1 CS-US pairing) that would not normally activate CREB.
EGL-30 Gain-of-Function Mutants Maintain the Ability to Form Long-Term Memories with Age
By days 4-5 of adulthood, wild-type C. elegans lose their LTAM ability, and learning and S/ITAM decline quickly thereafter . CREB levels and activity correlate with LTAM ability with age . We examined whether high CREB activity in egl-30(js126) mutants conferred LTAM ability with age. On day 5 of adulthood, egl-30(js126) mutants still exhibited LTAM after one CS-US pairing ( Figure 1F ), whereas wild-type animals exhibit no LTAM after 7 CS-US pairings . To confirm that this was indeed LTAM formation, rather than the development of a butanone preference with age, day 5 wild-type animals were tested after one CS-US pairing; they exhibited no detectable change in butanone preference at the LTAM time point (16 hr after training; Figure 1F ), indicating that egl-30(js126) animals indeed maintain the ability to form associative memories.
We found that LTAM ability correlated with maintenance of CREB activity in AIM interneurons of aged (day 5) egl-30(js126);pCRE::GFP animals ( Figures 1G and 1H ). Although CREB activity is elevated in both young and aged egl-30(js126) mutants, their crh-1 mRNA levels are similar to wild-type animals ( Figures S2A and S2B) , suggesting that EGL-30 activity increases CREB's activity rather than its transcription.
AIM CREB Activity Is Required for Enhanced Consolidation in egl-30(js126) Mutants
We next determined where CREB activity is required for egl-30(js126)'s enhanced memory. AIM interneurons and CREB activation in AIM interneurons (but not SIA neurons) are required for long-term memory formation after 7 CS-US pairings . We found that, although CREB activity is elevated in the SIA after training ( Figure 1D ), SIA-specific CREB rescue in egl-30(js126);crh-1(tz2) animals failed to restore memory (Figure 2A) , whereas rescue of CREB activity in the AIM restored LTAM ability to egl-30(js126);crh-1(tz2) mutants ( Figure 2B ). The requirement for CREB in AIM interneurons is in agreement with the previous observation that rescue of crh-1/CREB in AIM interneurons, but not SIA neurons, rescues the ability to form long-term memories in crh-1(tz2) mutants .
Increased AIM CREB Activity Leads to Elevated Transcription of CREB/LTAM-Dependent Genes in Naive Animals
Following LTAM training in wild-type animals, increased CREB activity in the AIM induces the expression of a set of 757 CREB-dependent/LTAM training-dependent genes . The increased expression of these genes is specific to CS-US pairings because mock training (where animals undergo 7 rounds of training in the absence of the odorant [CS]) has no detectable effect on these CREB/ LTAM genes . Their expression is also unaffected by unpaired odorant exposure . The induction of this CREB/LTAM gene set is not merely indicative of memory training but is also required for normal memory formation; reducing the activity of many of these genes, either through loss-of function mutation or RNAi treatment, causes long-term memory impairment .
Because CREB activity in the nervous system of naive egl-30(js126) animals resembled that of wild-type animals following LTAM training, we asked whether elevated CREB activity in the AIM interneurons induces the expression of CREB/LTAM-dependent genes in egl-30(js126) animals prior to conditioning. Microarray analysis of untrained egl-30(js126) worms and wild-type worms revealed that, in the naive state, egl-30(js126) animals have a CREB/LTAM-dependent gene expression pattern strikingly similar to LTAM-trained wild-type animals (Pearson correlation = 0.56; Figure 2C ), suggesting that elevated CREB activity and downstream target gene expression prior to training could permit LTAM formation after a single training session. Training did not further increase GFP fluorescence in egl-30(js126);pCRE::GFP animals for up to 6 hr after conditioning ( Figures 1D, 2D , and S2C), suggesting that CREB activity is (E) Inhibiting transcription by administration of actinomycin D during the pre-conditioning starve and conditioning has no detectable effect on long-term memory in egl-30(js126) animals. Mean ± SEM. n R 10 per treatment. n.s., p > 0.05. (F) Inhibiting translation by treatment with cycloheximide during conditioning and 1 hr post-conditioning abolishes long-term memory without affecting learning ( Figure S2F) in egl-30(js126) animals. Mean ± SEM. n R 15 per treatment. ****p < 0.0001. See also Figure S2 . not further elevated following training. Therefore, naive CREB activation and subsequent upregulation of CREB/LTAM genes may be sufficient for long-term memory formation in egl-30(js126) animals.
Elevated CREB-Mediated Transcription in Naive EGL-30 Gain-of-Function Mutants Is Sufficient for Long-Term Memory Formation LTAM requires new transcription and is blocked by actinomycin D treatment Vukojevic et al., 2012) . To test whether the pre-existing elevated transcription of CREB/LTAMdependent genes observed in egl-30(js126) animals was sufficient to induce LTAM, we treated egl-30(js126) worms with actinomycin D during the training paradigm. Blocking new transcription ( Figure S2D ) does not affect learning or LTAM in egl-30(js126) worms ( Figures 2E and S2E ), indicating that they are already ''primed'' for LTAM without the need for new transcription. By contrast, cycloheximide treatment during training of egl-30(js126) worms prevents LTAM, suggesting that translation of the naive transcriptional state is necessary for memory consolidation in egl-30(js126) worms ( Figures 2F and S2F ).
Increased G aq Signaling in the AWC Sensory Neuron Is Necessary and Sufficient for Enhanced Memory Consolidation egl-30(js126) mutants express constitutively active EGL-30 throughout the animal; therefore, we next sought to identify the site of EGL-30 activity that results in CREB activation and enhanced consolidation. egl-30(js126)'s LTAM only required training (1 CS-US) that usually forms S/ITAM, so we hypothesized that EGL-30 acts in neurons required for both LTAM and S/ITAM forms of memory. CREB activity is necessary in the AIM interneurons for LTAM but not necessary for S/ITAM  Figure S3D ). Butanone is sensed by the AWC sensory neuron (Bargmann et al., 1993) , which is required for both LTAM and S/ITAM. The AIA interneuron is the sole interneuron directly connected to the AWC that synapses onto the AIM (Chen et al., 2006) . Although the AIA/AIY is required upstream of CREB activity in the AIM for LTAM formation in wild-type animals ( Figures S3A-S3C ), like AIM, it is not required for S/ITAM ( Figure S3E ). We therefore examined whether activation of G aq signaling solely in the AWC would affect memory consolidation.
We tested two constitutively active forms of EGL-30 (Q205L and V180M) under an AWC-specific promoter (Podr-1) and found that activation of G aq in this neuron was sufficient to extend memory following one CS-US pairing to a degree that was indistinguishable in duration from egl-30(js126) animals (Figures 3A , S3F, and S3G). To verify that the extended memory we observed in animals expressing an AWC-specific gain of function EGL-30 was due to elevated G aq signaling, we examined the memory ability of egl-8(n488);Podr-1::egl-30(Q205L) mutants, which lack PLCb activity downstream of EGL-30. egl-8(n488) suppresses Podr-1::egl-30(Q205L)'s extended memory ( Figure 3B ), indicating that the memory phenotype of Podr-1::egl-30(Q205L) was due to increased G aq signaling in the AWC sensory neuron.
Although increased G aq signaling in the AWC sensory neuron should increase synaptic transmission, it does not alter butanone sensation in the animal; Podr-1::egl-30(Q205L), egl-30(js126) , and wild-type animals display normal naive butanone chemotaxis ( Figures S4A and S4B) , indicating that increased butanone preference only occurs in the context of behavioral conditioning. Furthermore, training increases egl-30(js126)'s preference for butanone, but not benzaldehyde, another AWCsensed odorant, at the memory time point, indicating that memory is specific to the CS (butanone) and not due to a general increase in AWC activity ( Figure S4C ).
Podr-1::egl-30(Q205L) worms' memory was also CREBdependent ( Figure 3C ) and required LTAM-specific neurons, the AIM and AIA/AIY (Figures 3D and 3E) . Therefore, AWCspecific activation of G aq signaling is sufficient to induce LTAM following a single CS-US pairing. Moreover, repressing G aq signaling in the AWC of egl-30(js126) animals via targeted expression of a constitutively active negative regulator of G aq , goa-1, abolished LTAM ( Figure 3F ), despite the fact that G aq signaling was enhanced elsewhere in the nervous system. Furthermore, learning and STAM remained intact ( Figures S4D and S4E ) in egl-30(js126);Podr-1::goa-1 (Q205L) animals, indicating that the effects of inhibiting the enhanced G aq signaling were specific to LTAM. G aq signaling in the AWC is not only necessary but sufficient for enhanced consolidation.
Increased G aq Signaling in the AWC Sensory Neuron Results in Non-cell-autonomous Regulation of CREB Activity in the AIM The enhanced memory consolidation observed in egl-30(js126) animals is due to elevated CREB activity specifically in the AIM interneurons ( Figures 1D, 1E, and 2B ). Because increased G aq signaling specifically in the AWC also resulted in the formation of a long-term memory after one CS-US pairing, we hypothesized that AIM CREB activity may be regulated non-cell autonomously by G aq signaling in the AWC. To test this, we examined pCRE::GFP reporter activity in animals with an AWC-specific gain-of-function EGL-30 (Podr-1::egl-30(V180M);pCRE::GFP) and found that increased G aq signaling solely in the AWC was sufficient to increase CREB activity in the AIM in naive (untrained) animals, similar to that observed in egl-30(js126) mutants (Figures 4A and 4B ).
Increased Neuropeptide Secretion from the AWC Is Necessary and Sufficient for Enhanced Memory
We next investigated how G aq signaling in the AWC might noncell autonomously regulate CREB activity. G aq signaling positively regulates both neurotransmission and neuropeptide secretion (Ch'ng et al., 2008; Lackner et al., 1999; Miller et al., 1999) . To determine which signal from the AWC is necessary for enhanced consolidation, we expressed RNAi targeting either the vesicular glutamate transporter eat-4, which is required for neurotransmission, or unc-31, which is required for neuropeptide secretion (Leinwand and Chalasani, 2013; Sieburth et al., 2007) , in the AWC of egl-30(js126) mutants. Reduction of glutamatergic (neurotransmission) signaling from the AWC did not affect egl-30(js126) memory ( Figure S4F ), but neuropeptide signaling was required because unc-31 reduction impairs LTAM ( Figure 4C ). We next examined whether the requirement for neuropeptidergic signaling from the AWC was specific to enhanced memory or also necessary for normal long-term memory. We found that AWC-specific knockdown of unc-31 in wild-type animals resulted in a longterm memory deficit without any effect on learning ( Figures  4D and S4G ). This result further supports the hypothesis that elevated G aq signaling enhances memory consolidation through increased activity of pathways necessary for normal long-term memory formation.
We next examined whether increasing neuropeptide release from the AWC was sufficient to enhance memory. To test this hypothesis, we expressed a gain-of-function PKC-1(A160E), which selectively regulates the release of neuropeptide-containing dense-core vesicles, specifically in the AWC of wild-type animals (Dekker et al., 1993; Sieburth et al., 2007; Tsunozaki et al., 2008) . We found that animals expressing this AWC-specific gain-offunction PKC-1 exhibited an extended (24-hr) memory after one CS-US ( Figure 4E ) pairing, indicating that increased neuropeptide secretion from the AWC is sufficient for enhanced memory. (E, ). Mean ± SEM. n R 9-15 per genotype. ****p < 0.0001. (F) Repressing EGL-30 activity in AWC of egl-30(js126) animals by AWC-specific expression of a gain-of-function inhibitor of G aq signaling (egl-30(js126); Podr-1::goa-1(Q205L)) blocks the ability to form long-term memory. Mean ± SEM. n R 9 per genotype. ****p < 0.0001. See also Figures S3 and S4 .
Increasing G aq Signaling in the AWC of Aged Animals Rescues Impaired Memory Function We next determined whether enhanced G aq signaling in the AWC alone was sufficient for memory maintenance with age. Animals expressing two different constitutively active forms (Q205L or V180M) of EGL-30 in the AWC exhibited LTAM following one CS-US pairing on day 5 of adulthood ( Figures  5A and S5A ). This memory maintenance also correlated with maintenance of elevated CREB activity in the AIM interneurons of aged (day 5) Podr-1::egl-30(V180M); pCRE::GFP animals ( Figures 5B and 5C ). Although whole-life activation of G aq signaling in the AWC slows age-related cognitive decline, we wondered whether there were any beneficial effects of increasing G aq signaling in the AWC specifically in aged animals because wild-type worms can no longer form LTAM by day 4 . We utilized a FLP recombinase driven by a heat shock protein (hsp-16.48) promoter to permanently activate an FLP-inducible form of a GFPtagged, constitutively active EGL-30 in the AWC ). This inducible EGL-30 ( Figure 5D ) was functional; early larval L1 animals subjected to heat shock exhibited LTAM after one CS-US pairing on day 1 of adulthood, similar to worms expressing EGL-30(Q205L) in the AWC throughout their whole lifetime (Figures 5E and S5B ). To (D) Neuropeptidergic signaling is necessary for normal long-term memory formation. Knockdown of neuropeptidergic signaling (Podr-3::unc-31 RNAi) in the AWC of wild-type animals renders them unable to form long-term memory after 7 CS-US pairings. Mean ± SEM. n R 9 per genotype. ****p < 0.0001. (E) Increasing neuropeptide secretion from the AWC via expression of a constitutively active PKC-1 (Podr-3::pkc-1(A160E)) results in extended memory after 1 CS-US pairing. Mean ± SEM. n R 10 per genotype. ****p < 0.0001. See also Figure S4 . (E) Heat shock of HS Inducible animals at the L1 larval stage enables them to form long-term memories after one CS-US pairing on day 1 of adulthood, whereas non-transgenic siblings are unaffected. Mean ± SEM. n R 3 per genotype. ****p < 0.0001.
(legend continued on next page)
examine the effects of activation of G aq signaling in the AWC specifically in aged animals, we induced EGL-30(Q205L) expression in HS Inducible animals on day 4 of adulthood and compared their behavior following one CS-US pairing on day 5 of adulthood to both wild-type siblings or HS Inducible animals without transgene induction (see Figure 5F for a schematic). Although both wild-type siblings and HS Inducible animals without transgene induction were unable to form memory ( Figures 5G and S5C ), the induction of AWCspecific activation of G aq signaling on day 4 of adulthood rescued the ability to form LTAM ( Figures 5H and S5D) . Thus, increased G aq signaling in the AWC rescues LTAM in aged animals with impaired memory.
AWC-Specific G aq Signaling Improves Memory without Decreasing Lifespan
Although increased G aq signaling allows maintenance of cognitive performance with age, it has also been associated with a decrease in lifespan because egl-30(js126) mutants exhibit a decreased lifespan (Ch'ng et al., 2008) . Because increased G aq signaling in the AWC is sufficient to improve memory and slow cognitive decline, we examined its effects on longevity. As reported previously (Ch'ng et al., 2008), egl-30(js126) mutants are short-lived ( Figure 5I) ; however, animals expressing either Q205L or V180M gain-of-function alleles of egl-30 specifically in the AWC have a normal lifespan ( Figures 5I and S5E ). Therefore, identification of the neural site of G aq signaling-mediated memory consolidation enables memory improvement without compromising longevity.
DISCUSSION
Here we identified G aq signaling as a novel positive regulator of memory consolidation. This function is unlikely to be limited to C. elegans because EGL-30 shares 82% identity with the mammalian GNAQ (Brundage et al., 1996) . Although G aq signaling has been implicated in C. elegans associative behaviors (Matsuki et al., 2006) and in mammalian working memory (Frederick et al., 2012) , it has not been specifically identified as a long-term memory regulator in higher organisms. We provide the first direct evidence that G aq regulates associative memory. The downstream targets of G aq have also been implicated in cognitive function in higher organisms. Loss of PLCb/EGL-8 and TRIO/UNC-73 have been linked to deficits in working memory and learning in mice, respectively (Kim et al., 2015; Zong et al., 2015) . PKC isoforms play an essential role in mammalian learning and memory (Abeliovich et al., 1993; Sacktor and Hell, 2017; Sun and Alkon, 2014; Sutton et al., 2004; Weeber et al., 2000) ; however, the mammalian ortholog of pkc-1, PKC1ε, has not been as well characterized in memory formation. Furthermore, little is known about G aq and its downstream targets in the context of normal aging and cognitive decline. We found that enhanced G aq signaling enables memory formation in aged animals when LTAM normally no longer functions. The memory-enhancing effect of G aq signaling in both young and old animals is due to elevated CREB activity in AIM interneurons, and the subsequent up-regulation of a previously identified memory gene set . The up-regulation of these CREB-dependent/training-dependent genes primes the animals for memory formation even in the presence of transcriptional blockage.
The correlation between memory function with age and CREB activity appears to be a highly conserved mechanism. Recently, virus-mediated overexpression of CREB in the CA1 was found to improve memory in aged but not young rats (Yu et al., 2017) . Increased CREB activity is also involved in the memory-promoting effects of caloric restriction (Fusco et al., 2012) , young blood parabiosis (Villeda et al 2014) , and low-dose D 9 -THC treatment of aged mice (Bilkei-Gorzo et al., 2017) . However, here we have identified a pathway that enhances memory performance in young animals, slows cognitive decline, and rescues agerelated memory impairment. G aq signaling influences CREB and the LTAM network noncell autonomously (Figure 6 ); activating G aq in the AWC is both necessary and sufficient for LTAM following one CS-US pairing. Moreover, G aq signaling in the AWC slows cognitive decline and restores LTAM ability at an age when associative memory ability has been abrogated. Non-cell-autonomous regulation of memory formation is not well understood; because long-term memory components and processes are highly conserved between C. elegans and higher organisms Stein and Murphy, 2014) , the molecules downstream of G aq signaling may present new targets for the study of learning, memory, and aging in mammals. This non-cell-autonomous regulation occurs via neuropeptide signaling (Figure 6 ), which has previously been implicated in C. elegans LTAM . Neuropeptides from the AWC likely activate signaling pathways upstream of CREB, such as Ca 2+ /calmodulin-dependent protein kinase II (CAMKII) and c-Jun N-terminal kinase (JNK) signaling, which potentially regulate CREB activity in a positive feedforward loop during memory training , although a number of other signaling pathways could be involved.
We also found that increasing G aq signaling in the AWC alone dissociates the positive influence of this pathway on memory formation from its previously reported deleterious effects on lifespan (Ch'ng et al., 2008) . Our elucidation of the neural site where G aq signaling regulates memory may enable identification of molecules that promote memory maintenance without shortening lifespan. These could represent targets for novel strategies to manipulate memory consolidation and may potentially provide new therapeutic agents that treat cognitive decline or prevent deleterious consolidation.
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